Abstract -The cytogenetics of Adamanotus uncotibialis (Aradidae, Carventinae) with a chromosome number of 2n=16XY is described and figured. An idiogram of the karyotype, based on chromosome area measurements by means of an image analyzer, is presented and the method, its advantages and limitations is described and discussed. A chiasma analysis of seven individuals is given and briefly discussed. The occurrence of abnormal meiocytes (including malorientated chromosomes and bivalents at metaphase I and II, laggards and late segregating chromosomes at anaphase I and II, chromatid bridges at anaphase II and tetraploid and unbalanced metaphase II cells) at a low frequency is reported and it is suggested that they originate because of dicentric spindle attachment of the chromosomes.
INTRODUCTION
The Heteroptera is one of the few groups which possesses holocentric chromosomes. The chromosomes do not have a localized centromere like in most eukaryotic groups but it is distributed along the length of each chromosome and it is often termed a diffuse centromere (UESHIMA 1979) . During mitosis the spindle usually attaches to the chromosomes along most of their long axes and the chromosomes move broadsided to the poles. During meiosis, however, the spindle normally attaches to the chromosome ends (HELENIUS 1952; PARSHAD 1958; HUGHES-SCHRADER and SCHRADER 1961; NOKKALA 1985) as spindle attachment along the axes would impair chiasmata and the normal segregation of the chromosomes.
The progression of meiosis in the Heteroptera deviates from the normal in two aspects namely: 1). A 'diffuse' stage is present directly after pachytene. During this stage the cell en-larges markedly and the bivalents become fuzzy while the sex chromosomes form a heteropycnotic body. 2). The sex chromosomes, with few exceptions, form univalents at metaphase I and undergo chromatid segregation during anaphase I while showing touch-and-go pairing during metaphase II and chromosome segrega tion during anaphase II.
Because of its holocentric nature the parts of a fragmented chromosome are not lost and may still move to the poles at anaphase (HUGHES-SCHRADER and SCHRADER 1961; LA CHANCE et al. 1970) . It is therefore conceivable that fragmentation of chromosomes is more common in groups with holocentric chromosomes than in groups with monocentric chromosomes. Likewise there is also no hindrance to chromosome fusions. It is therefore not surprising that the reported diploid chromosome numbers in the Aradidae range from 2n=12XY to 2n=40X 1 X 2 X 3 Y (JACOBS 1986 (JACOBS , 1996a ; GRO-ZEVA 1997) .
Although the Aradidae contain more than 1800 described species (KORMILEV and FROE-SCHNER 1987) , the chromosome numbers of only 26 species of Aradidae belonging to the subfamilies Aneurinae (10), Aradinae (3), Car-ventinae (10), Isoderminae (1) and Mezirinae (2) have been recorded (GROZEVA 1997; HEISS and JACOBS 1989; JACOBS 1986 JACOBS , 1990 JACOBS , 1996a SCHRADER 1947; UESHIMA 1963) . In most cases only the chromosome numbers were reported with little or no information on the progress of meiosis and karyotype. Idiograms, chiasma analysis or data on intraspecific variation were not recorded for any of the species.
Detailed analysis of the morphology of Heteropteran chromosomes is hampered by the absence of a primary constriction, by their relative small size and by mitotic metaphase plates where the chromosomes are compact, of globular or irregular shape and seemingly interconnected and clumped together. Very few attempts in literature exist where chromosome measurements are used to construct idiograms or compare different species.
During the past two decades many species of Aradidae were collected in South Africa by the first author. At the same time testes material of most species was fixed for cytogenetical studies. About 30 species (most of them undescribed) belonging to the Carventinae were studied and will be treated taxonomically and cytogenetically in a series of papers. Adamanotus uncotibialis was described by JACOBS (1990) and this paper deals with the cytogenetics of this interesting species and a method to measure chromosomes and construct idiograms for comparison between species and interpretation of karyotype evolution.
MATERIAL AND METHODS
The localities and numbers of individuals studied are presented in Table 1 . Specimens were collected and kept alive in plastic vials (supplied with adequate footing) until they were fixed for cytogenetical studies in a freshly prepared solution of 2,5:l::methanol:propionic acid. Males were killed by dropping them into the fixative and immediately cut ting them into two pieces through the thorax in or der to assist the penetration of the fixative. (The small size of the insects renders it impractical to dis sect the testes of unfixed individuals.) The fixed in sects were stored in the fixative in a refrigerator (+4°C) for a few days up to several years until prepa rations were made. The best results were obtained if the insects were stored in airtight glass polytops for not longer than three months. Longer periods often results in poor staining and spreading of the chromo somes.
The preparations were made according to the following procedure: 1) Cover glasses (usually No. 1, 22mm square) are covered with a thin layer of Mayer's albumin adhesive which is dried 3-5 cm above an alcohol flame until it ceases smoking.
2) The testis (or a piece of testis) is dissected and placed in a small drop of stain on a clean slide. The stain used was usually a 1 % solution of carmine in 45% propionic acid.
3) A needle-point trace of ferric-acetate (a saturated solution in 45 % acetic acid) is usually added to intensify the staining.
4) The testis is gently tapped with the flattened end of a piece of plastic knitting needle until the cells are well separated.
5) The cell suspension is covered with an albumized cover glass, taking care that no bubbles are trapped.
6) The slide is moderately heated (2-3 seconds directly above an alcohol flame while the slide is continuously moved to prevent local overheating) in or der to soften the cells and intensify the staining.
7) The slide is now quickly placed between a double layer of blotting paper and hard pressure (usually by pressing down with one's thumb) is applied on the cover glass to squash the cells and spread the chromosomes. 8) After ascertaining that the desired stages are present the cover glass is separated by inverting the slide in a petri-dish filled with 45% acetic acid with one end of the slide resting on a glass rod. 9) When the cover glass (to which the cells adhere) has separated from the slide it is passed through a series of 60%, 80%, 96% and absolute ethanol, remaining in each for 1-2 minutes. It is then mounted in Euparal on a clean slide and dried in an oven at 40°C for about a week.
The preparations were analysed with the aid of a Zeiss Lab 16 microscope and the photomicrographs taken under 512 times magnification (lOOx planapochromatic objective X 1.6 optovar X 3.2 magnification) on the negative with a Zeiss universal photomicroscope.
The idiograms were prepared as follows:
The areas of metaphase II chromosomes were used to compile the idiogram. Metaphase II was chosen because at this stage the chromatids of each chromosome are separate, all chromosomes are probably compacted to the same degree and, most important, the sex chromosomes are usually unambiguously identifiable. Only cells where the chromosomes were well spread and preferably seen in equatorial view were selected for measurements in order to minimize the chance that the two chromatids lie on top of each other. The chromosome areas were measured using a Quantimed 520 Image Analyzer (Cambridge Instruments) with a CCD camera either directly connected to a Zeiss Lab 16 microscope if the preparations were used or connected to a macrolens if photomicrographs were used. More than one individual per population and usually about five cells per individual were measured whenever possible (re fer to Tables II and III) and three repetitions of each measurement were taken. The measurements were store on computer disk and later electronically transferred to the mainframe computer of the University of Pretoria where the data was processed using a SAS program.
The SAS program compiled idiograms of the true and relative areas of the chromosomes. The measured areas of the sex chromosomes were doubled in order to render them comparable to the autosomes as at metaphase II the sex chromosomes consist of a single chromatid each while the autosomes consist of two chromatids each. The relative areas were used for most comparisons as much variation in true areas occur because of differential squashing of cells. The relative area of each chromosome (including the sex chromosomes) was calculated as a percentage of the total area of all the autosomes. The sex chromosomes were explicitly excluded in calculating this total because it is a well known fact that in the Heteroptera the sex chromosomes are much more variable in size than the autosomes (HEIZER 1950; MANNA 1951; HUGHES-SCHRADER and SCHRADER 1961; THOMAS 1987) . We often observed relative size differences of sex chromosomes, even between conspecific individuals.
RESULTS
The chromosome number of A. uncotibialis is 2n( )=16XY (14A + X + Y). The idiogram for this species is presented in Fig. 1 and tables 2 and 3 contain data regarding chromosome measurements of specific individuals and populations used in compiling the idiogram. The largest autosome (Al) has an area of 2.8µm 2 (= 19% of the total autosomal area) and is slightly larger than the following four (A2-A5) which is of similar size, ranging from 2.3µm 2 to 2.5µm The meiosis of A. uncotibialis is regular and of the typical heteropteran type where the sex chromosomes are postreductional while the autosomes are prereductional. In the early prepachytene meiocytes (Figs. 2 and 3) the autosomes are an entangled mass of heteropycnotic clumps and threads. The sex chromosomes can often be recognised as densely compacted heteropycnotic bodies that are usually associated.
At pachytene (Figs. 4 and 5) the autosomes form long linear bivalents which still appear entangled in most of the cells (Fig. 5) . In less squashed cells, viewed from the appropriate angle, they can be seen to be in a bouquet formation where all the bivalent ends are associated in a limited area, presumably connected to the nucleolar membrane (Fig. 4) . The sex chromosomes are positively heteropycnotic and almost always associated but usually individually recognisable. A single nucleolus is present, visible as a negative heteropycnotic body, which is invariably associated with one of the sex chromosomes.
After pachytene the meiocyte enlarges markedly, the bivalents become fuzzy and the cell enters the diffuse/diplotene stage (Figs. 6-9) which replaces a true diplotene stage. At this stage there is a marked difference in autosomal behaviour between the Hawaan forest population and the rest of the studied populations of A. uncotibialis. In most populations the autosomes become partly decompacted forming heteropycnotic chromomere-like nodules of variable size, connected by threadlike or granu- lar less intensely stained chromatin. Some bivalents may still be recognizable but the individual chromosomes and chromatids are usually not discernable (Figs. 6 and 7 ). This is a long stage as indicated by the abundance of cells in this stage on most preparations. After this stage the cells rapidly enter diakinesis. In the Hawaan forest population the autosomes do not despiralize to the same extent and the biva-lents, individual chromosomes and chromatids are usually clearly discernable at all times during the diffuse/diplotene stage (Figs. 8 and 9 ). The two chromosomes of a bivalent with a terminal chiasma are often some distance apart, connected by two thin chromatin threads. A true diffuse stage is absent in this population and replaced by a diplotene stage. Cells in the diplotene stage are as numerous as the diffuse stage cells in other populations, indicating that it is also a long stage and suggesting a correspondence between the two stages. The behaviour of the sex chromosomes are the same in both cases: they unite to form a single, smooth, circular, heteropycnotic body which is still associated with a negative heteropycnotic nucleolus of subequal size. The individual sex chromosomes are usually not discernable except in a low percentage of cells where they form separate bodies.
At diakinesis (Figs. 10 and 11 ) the bivalents become well defined and the chiasmata are conspicuous. Most of the bivalents have one or two terminal chiasmata (1/1 or 2/2) but 1/0, 2/1 and even 2/0 bivalents do also occur. Table 4 contains the results of a chiasma analysis done on seven individuals from three populations. The X and Y chromosomes can be distinguished but stay associated until late diakinesis or early metaphase I. The nucleolus become progressively smaller until it disappears at late diakinesis. As the autosomes become more compacted they stain darker and at late diakinesis they are isopycnotic with the sex chromosomes.
At metaphase I (MI) (Figs. 12 and 13 ) the autosomal bivalents form a ring on the periphery of the spindle. The sex chromosome univa-lents lie inside the autosomal ring, usually not in the centre but halfway to the periphery (Fig. 13) .
Anaphase I (AI) (Figs. 14 and 15 ) is a very short stage which is seldom encountered on the preparations. The microtubuli attach to one of the telomeres of each autosome, thus behaving like telocentric chromosomes. (It is uncertain where the spindle attaches to bivalents with two terminal chiasmata.) When the autosomes separate, the two chromatids of each one becomes clearly visible (Fig. 14) . In the sex chromosomes the spindle attaches to one end of each chromatid and a chromatid of each sex chromosome segregates to the opposite poles so that AI is reductional for the autosomes but equational for the sex chromosomes. At the poles the autosomes form a ring with the X and Y chromosomes (consisting of a single chromatid each) lying inside the ring, usually associated with each other (Fig. 15) .
The cells enter the metaphase II stage (Fig.  16 ) directly, without a true interkinesis. The autosomes form a peripheral ring with the sex chromosomes, which exhibit the so-called "touch-and-go" pairing, in the centre of it. The X-Y structure is usually easily recognized as it is heteromorphic with the X presumably the larger chromosome (Fig. 16, arrowheads) .
At anaphase II (All) (Fig. 17 ) the spindle again attaches to the telomeres and the two chromatids of each autosome segregate (equational) while the X and Y chromosomes segregate to opposite poles (reductional).
At telophase II (Fig. 18 ) the sex chromosome (X or Y) again lies in the centre of a ring of autosomes. The centrioles, which are also sometimes visible at MI, Mil, AI, All and telophase I (e.g. Figs. 12 and 20, arrows), are usually distinguishable at this stage, resembling a small extra chromosome (Fig. 18, arrows) .
Spermatogonial metaphase plates (Fig. 19 ) were encountered on most preparations, but the cells are small and the chromosomes are usually not well-spread, as they are interconnected.
A low percentage of cells with meiotic abnormalities were encountered in most individu als. These include MI with misaligned auto-somes (Fig. 21) or sex chromosomes, AI with laggards or late segregating chromosomes (Figs. 20 and 22), Mil with misaligned autosomes or sex chromosomes (Fig. 23) , Mil with unequally distributed sex chromosomes (Fig. 24) , tetraploid Mil cells (Fig. 25 ) and All cells with laggards and/or bridges (Figs. 26-28 ).
DISCUSSION

Construction of the idiogram
Several scientists have used chromosome or bivalent areas in their study of heteropteran cytogenetics (MANNA 1951; SANDS 1982; MANNA and DEB-MALLICK 1986 ; SAT APATHY and PAT-NAIK 1988 , 1991 . They made use of time consuming methods to measure the chromosomes (camera lucida outlines on graph paper). Using an image analyser to measure heteropteran chromosomes is not only much quicker and more accurate but it has the added advantage that all measurements are digitally recorded and the data electronically transferred to programs for its analysis, thus eliminating human error in the manual handling of the figures. Extensive research and testing by us have also showed that metaphase II is a better and more reliable stage to use for measurements than metaphase I. The above-mentioned authors all used metaphase I chromosomes and none of them has made adjustments for the sex chromosomes which are monovalents at metaphase I while the autosomes occur as bivalents. Because of the difficulty in recognizing the sex chromosomes at this stage some of them (e.g. SATAPATHY and PATNAIK 1988) do not even identify them.
Various authors have shown that the DNA amount of cells is positively and highly correlated with chromosomal volume (REES et al. 1978; Fox 1969) . We have used chromosome surface areas and not chromosome volume in all calculations for the following reasons:
1. Heteropteran chromosomes are relative fragile to squashing (SANDS 1982) . We have used only well squashed cells for measurements. In such cells the chromosomes are most probably in the form of flattened disks rather than cylindrical rods. Calculation of chromosome volumes (assuming they are cylindrical rods) from such flattened chromosomes would give inaccurate values. Furthermore, assuming that the squashing does not lead to differential compacting of the chromosomes, the relative chromosome areas would be constant notwithstanding differential squashing of cells on the same preparation or of various preparations.
2. The shape of the chromosomes during meiosis, even if not squashed, does not lend itself to calculation of chromosome volume because they are not rod-like with a constant diameter. Mitotic metaphases were rare and the chromosomes were usually not well spread. Relative chromosome surface areas of flattened chromosomes should be accurate parameters of the chromosome volumes and also be highly correlated with DNA amount. MATERN and SIMAK 1968; CHETTY, UPAHAYA and KEDHAR-NATH 1970) . Reversal of chromosome order leads to the underestimation of statistical parameters like variance and standard deviation which, in turn, often leads to (false) significant statistical differences between chromosomes. MATERN and SIMAK (1968) presented a method (based on the folded normal distribution), whereby these errors can be corrected when only two chromosomes are involved. This method, however, can not be applied if more than two chromosomes have similar sizes and no statistical method exist to handle such cases. All the idiograms presented in this work with their statistical parameters are thus subject to these errors. The only way such errors can be prevented is when every chromosome in every measured cell can unambiguously be identified. This is usually possible with G-banded chromosomes. However G-band staining has thus far been ineffective in the Heteroptera and most insect groups (WOLF 1996) . MAUDLIN (1974) and MURAMOTO (1975 MURAMOTO ( , 1978 have been able to obtain some G-bands in the Heteroptera but their quality and structure render them impractical for general usage.
Cytogenetics of the Aradidae
Very little information is available on the cytogenetics of the Aradidae. UESHIMA (1979) lists the chromosome numbers of only three species, two belonging to the Mezirinae and one to the Isoderminae. They all possess an XjX 2 Y sex chromosome system. GROZEVA (1997), JACOBS (1986, 1990, 1996a, b) and HEISS and JACOBS (1989) reported the chromosome numbers of twenty three more taxa belonging to the Aneurinae, Aradinae and Carventinae. We also have at hand unpublished cytogenetic data on several more taxa of the Carventinae, Mezirinae and Calisiinae. Different genera, and species within a genus, often have markedly different chromosome numbers, e.g. ranging between 16XY and 40X 1 X 2 X 3 Y in eight South African aneurine taxa (JACOBS 1986), in Brachyrhynchus between 14XY and 48XY (unpublished data) and in the Carventinae between 7XY 1 Y 2 and 32XY (unpublished data). Because of the large variation in chromosome number it is risky to speculate on the ancestral chromosome number of the Aradidae. However, 2n=14XY has been encountered in three of the six subfamilies thus far studied (Calisiinae, Carventinae and Mezirinae) in several genera including Calisius, Brachyrhynchus, Dundocoris, Pondocoris and Silvacoris. The diploid number 14XY has been proposed as the modal number of the Protoheteroptera (MANNA 1984) and the Pentatomorpha. The Aradoidea represent a very early offshoot of the latter (KUMAR 1967) . THOMAS (1996) suggested that the ancestral autosome number of the Pentatomorpha is 20 because this number occurs in the Aradidae. However, this number has only been reported for Isodermus gayi (UESHIMA 1963) and Breviscutsaneurus helenae (JACOBS 1986) although it also occurs in a Brachyrhynchus species (unpublished data). In the latter two cases there exists evidence that the karyotypes are derived and originated from ancestors with higher chromosome numbers. In Breviscutsaneurus helenae two of the autosomes are about double the size of the other autosomes, indicating two fusion events and in the Brachyrhynchus species one auto-some is about three times larger than the others and probably originated by the fusion of three chromosomes. It seems thus more probable that 14XY is the ancestral chromosome number of the Aradidae.
In A uncotibialis (2n=16XY) fragmentation could account for the two extra chromosomes. The fact that two chromosome pairs are markedly smaller than the rest supports this hypothesis.
From Table 3 it is evident that large variation in actual chromosome areas exist between individuals. This is probably due to differential squashing and not to real differences in chromosome size. On the other hand the relative chromosome areas stay fairly constant between individuals (Table 3) as well as between populations (Table 2) .
In general the course of meiosis in A. uncotibialis follows the general pattern of the Heteroptera. The dissimilarity in the diffuse/diplotene stage between the Hawaan forest population and the rest of the populations is peculiar. The presence of a true diplotene stage and absence of the diffuse stage in the former and the reverse situation in the latter, indicate the correlation between these stages and that they probably serve the same function. The reason for the difference and what it actually signifies remains unknown.
Chiasma analysis on some of the individuals showed that significant differences in the number of chiasmata exist between populations and also between individuals of the same population (Table 4 ). For example: the individual from Sneezewood forest has a very high percentage of bivalents with two terminal chiasmata (=ring bivalents) -on the average more than three of the five large bivalents and often all five (e.g. Fig. 10 ) -while the individuals of Hawaan forest have on the average less than one of these bivalents per two meiocytes. In the Ngome forest population they are common in one individual (nearly two per meiocyte) while rare in the other two. The reasons for and significance of these differences are not known at this stage.
Abnormal meiocytes
Although abnormal meiocytes were observed in most individuals, they seem to occur in individuals of the Hawaan forest population at a higher frequency than in the others (which is, however, difficult to proof because of their low frequency). Whether this is related to the aberrant diffuse/diplotene stage in this population is unknown. Aberrant meiocytes is not a uncommon phenomenon in the Heteroptera and in some cases it occurs regularly, for example in the harlequin lobe of some Pentatomidae (SCHRADER 1960; UESHIMA 1979) . The type of abnormalities that occur in the harlequin lobe which include heteropycnosis and clumping of autosomes at prophase, asynapsis and uneven segregation of chromosomes, is very different from those observed in A. uncotibialis which mainly consist of late segregating chromosomes, laggards and chromatin bridges at AI and All, and tetraploid cells. It corresponds better with the abnormalities found in hybrids where AI and All laggards and bridges regularly occur (HUGHES-SCHRADER and SCHRADER 1956; UESHIMA 1963 UESHIMA 1966 RYCKMAN and UESHIMA 1964) . Laggards and bridges are also regularly observed in irradiated insects or their progeny (LA CHANCE, DEGRUGILLIER and LEVERICH 1970, MANNA and DEY 1983) . The causes of the abnormalities in these cases probably differ from that in A. uncotibialis as they occur at much higher frequencies and the resemblance may be superficial.
We would like to suggest that all the abnormalities observed in A. uncotibialis are interrelated and probably the result of a single phenomenon namely the incorrect attachment of the spindle fibers to the chromosomes. NOKKALA (1985) , GONZALEZ-GARCIA et al. (1996) and PEREZ et al. (1997) have shown that both telomeres of each meiotic chromosome are potentially kinetically active and that normally one telomere is kinetically active at the first division and the other one at the second division. All chromosomes are thus potentially dikinetic.
In his account of the behaviour of univalents in Calocoris quadripunctatus (Miridae), NOKKALA (1986) has shown that the univalents often lag or segregate late at Anaphase I. He ascribed this to amphitelical orientation and spindle attachment of the univalent chromosomes. The situation in A. uncotibialis probably differs in that the spindle fibres seem to attach to both telomeres of the chromosome or chromatid -thus dicentric attachment. Especially where the sex chromosome univalents are involved at AI (Fig.  22) or All (Fig. 26 ) they clearly exhibit dicentric spindle attachment. Dicentric spindle attachment may not be uncommon in the Heteroptera as it appears to be fairly regularly the case in a bivalent which is heterozygotic for an inversion in an individual of Acanonicus hahni (Coreidae) (PAPESCHI and MOLA 1990b) .
The malorientated "bivalent" in Fig. 21 has supposedly assumed this orientation as a result of dicentric spindle attachment. It is uncertain whether it is a true bivalent or two associated univalents at this stage. PAPESCHI and MOLA (1990a) figured a remarkably similar structure (their Fig. 2c ) which they regarded to be a pair of univalents. It however seems that the attachment of the spindle fibres is much stronger to one of the telomeres than to the other resulting in that chromosomes do segregate correctly albeit late (Fig. 20) . Consequently no autosomally unbalanced Metaphase II cells were observed. When one of the sex chromosome univalents become dicentrically attached to the spindle it lags at AI (Fig. 22) and it may be included by chance in one of the resulting Mil cells leading to one cell with three sex chromosomes (chromaticls) and the other with a single one (Fig. 24) . Lagging chromosomes or bridges at Telo-phase I may also inhibit cytokinesis, resulting in tetraploid Mil cells (Fig. 25) . When the sex chromosomes malorientate at Mil because of dicentric spindle attachment (Fig. 23) , they usually lag at All (Figs 26, 28 ) or they and malorientated autosomes may result in bridges (Fig.  27) .
It is not known at this stage what the primary causes of dicentric spindle attachment are and whether these type of abnormalities have played a role in the extensive karyotype evolution in the Aradidae.
